Objective: To systematically review the evaluation of the diagnostic accuracy of pre-treatment apparent diffusion coefficient (ADC) and change in ADC during the intra-or post-treatment period, for the prediction of locoregional failure in patients with head and neck squamous cell carcinoma (HNSCC). Materials and Methods: Ovid-MEDLINE and Embase databases were searched up to September 8, 2018, for studies on the use of diffusion-weighted magnetic resonance imaging for the prediction of locoregional treatment response in patients with HNSCC treated with chemoradiation or radiation therapy. Risk of bias was assessed by using the Quality Assessment Tool for Diagnostic Accuracy Studies-2. Results: Twelve studies were included in the systematic review, and diagnostic accuracy assessment was performed using seven studies. High pre-treatment ADC showed inconsistent results with the tendency for locoregional failure, whereas all studies evaluating changes in ADC showed consistent results of a lower rise in ADC in patients with locoregional failure compared to those with locoregional control. The sensitivities and specificities of pre-treatment ADC and change in ADC for predicting locoregional failure were relatively high (range: 50-100% and 79-96%, 75-100% and 69-95%, respectively). Metaanalytic pooling was not performed due to the apparent heterogeneity in these values. Conclusion: High pre-treatment ADC and low rise in early intra-treatment or post-treatment ADC with chemoradiation, could be indicators of locoregional failure in patients with HNSCC. However, as the studies are few, heterogeneous, and at high risk for bias, the sensitivity and specificity of these parameters for predicting the treatment response are yet to be determined.
INTRODUCTION
evaluation, providing an opportunity to monitor early treatment response and adjust CCRT regimes accordingly (1, 2, 10, 11) . However, differentiation of residual cancer from post-treatment change using conventional magnetic resonance imaging (MRI), computed tomography (CT), 18-fluorodeoxyglucose positron emission tomography-CT ( 18 F-FDG PET/CT) in the early post-treatment period is a dilemma. The morphological criteria of CT and MRI with regard to volume regression (12) (13) (14) (15) (16) , change in signal intensity (17, 18) , and nodal density (19, 20) have shown heterogeneous results in the prediction of treatment response. The image results from 18 F-FDG PET/CT are also often suboptimal due to low spatial resolution and presence of treatment-induced inflammation during the first four months post CCRT that may be misleading (21) . Endoscopy of primary sites could be hampered by radiation-induced mucositis. Biopsy of primary and nodal sites could be affected by sampling errors and may initiate superimposed infection, fail to heal, and cause worsening of complaints (22) .
Diffusion-weighted imaging (DWI) is a functional MRI technique allowing the quantification of the diffusion of water molecules in a tumor by measuring the apparent diffusion coefficient (ADC). Recently, researchers have focused on DWI for predicting treatment response in patients with HNSCC, and it has been demonstrated that tumors with high ADC values are less likely to respond to chemoradiation (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . This is probably because a high ADC value may reflect the presence of micronecrosis, tumor hypoxia, high stromal content, and low cellularity (lower proliferation), which consequently increase the resistance to CCRT. In addition, the diagnostic accuracy of change in ADC values between the pre-treatment and early intra-treatment or post-treatment periods has been investigated for the prediction of treatment response, under the consideration that treatment with CCRT leads to cell death and reduction of restrictive barriers to diffusion, and therefore a consequent increase in the mean ADC value (9, 28, 30, 33, 34) . However, several conflicting results have been reported (9, 25, (34) (35) (36) (37) (38) (39) , and previous studies have been limited by small numbers of patients and overlapping patient data (22, 29-32, 34, 40) . To the best of our knowledge, no systematic review has assessed the role of DWI in predicting locoregional failure according to pre-treatment ADC and change in ADC during early intra-treatment or posttreatment in patients with HNSCC. Therefore, we performed this systematic review to evaluate the sensitivity and specificity of pre-treatment ADC and change in ADC during the early intra-treatment or post-treatment period, for the prediction of the locoregional response to definitive CCRT or radiation therapy in patients with HNSCC.
MATERIALS AND METHODS

Literature Search Strategy
A computerized search of the Ovid-MEDLINE and Embase databases was performed to identify relevant original articles on the use of DWI for the prediction of locoregional treatment response in patients with HNSCC treated with definitive CCRT or radiation therapy, up until September 8, 2018 
Only studies published in English were included. The bibliographies of the selected articles were screened to identify other relevant articles.
Inclusion Criteria
Studies investigating the use of DWI for the prediction of locoregional treatment response in HNSCC were eligible for inclusion.
Studies or subsets of studies satisfying all of the following criteria were included: 1) Population: patients with histologically proven HNSCC who underwent definitive CCRT or radiation therapy.
2) Index test: imaging with MRI including DWI with provision of pre-treatment ADC value or change in the pretreatment and early intra-treatment or post-treatment ADC values.
3) Reference standard: the reference standards of the treatment outcome as determined by histologic confirmation or clinical/imaging follow-up, or a combination of these. 4) Outcomes: results of locoregional failure after definitive CCRT or radiation therapy, reported in sufficient detail.
5) Study design: all observational studies (retrospective or prospective).
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Exclusion Criteria
The exclusion criteria were as follows: 1) case reports, review articles, editorials, letters, comments, and conference proceedings; 2) studies with insufficient data on the locoregional failure and locoregional control; 3) studies that did not provide ADC values; 4) studies that monitored the intra-treatment response during CCRT; and 5) studies with overlapping patients and data. Two reviewers independently selected appropriate study reports using a standardized form.
Data Extraction
One reviewer extracted data from the studies with the second reviewer double-checking the accuracy of the extracted data and resolving any uncertainty through discussion. The following data were extracted from each of the selected studies onto standardized data forms: 1) Study characteristics: authors, year of publication, hospital or medical school, years of patient recruitment, sample size, and study design.
2) Demographic and clinical characteristics of patients: mean age, nodule size, and patient reference standards.
3) Imaging characteristics: timing of imaging, machine manufacturer and model, magnetic field strength, sequence, slice thickness, gap, and total acquisition time for DWI. 4) Interpretation: number of reviewers, experience, presence of consensus data. 5) True positives and negatives and false positives and negatives for the prediction of treatment response according to ADC value. In cases of incomplete 2 x 2 tables, the corresponding author was contacted, and data required to generate 2 x 2 tables was requested.
Quality Assessment
The methodological quality of the included studies was assessed independently by two reviewers using tailored questionnaires devised according to the Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) criteria (41) . Disagreements were very minor and were resolved by consensus.
Data Analysis
For the diagnostic accuracy assessment, 2 x 2 data were summarized in forest plots of sensitivity and specificity for each study. Pooling was not performed because of the relatively small number of studies, relatively high risk of bias, and inherent heterogeneity based on varying study designs among the included studies. The presence of a threshold effect was visually assessed using coupled forest plots of sensitivity and specificity. The Spearman correlation coefficient between the sensitivity and false-positive rate was obtained; a value > 0.6 was deemed a considerable threshold effect (42) .
RESULTS
Literature Search
The study selection process is illustrated in Figure 1 . Twelve studies were included in the systematic review and seven of these presented data that could be extracted to a 2 x 2 table format to calculate sensitivity and specificity. The seven studies included four investigating the diagnostic accuracy of pre-treatment ADC (25, 26, 28, 30) for predicting the locoregional treatment response, and four investigating the diagnostic accuracy of change in ADC (9, 25, 33, 34) .
Characteristics of the Included Studies
The characteristics of the 12 included studies are listed in Table 1 . The 12 original articles included ten prospective studies (9, 24, 25, 30, (33) (34) (35) (36) (37) (38) , one retrospective study (26) , and one study with an unclear design (28) . The target lesions of the studies were primary tumors (n = 3) (26, 30, 34) , lymph nodes (n = 4) (24, 25, 28, 37) , or both (n = 5) (9, 33, 35, 36, 38) . Eleven studies investigated the value of pre-treatment ADC (9, 24-26, 28, 30, 34-38) for predicting locoregional treatment response, and ten studies investigated the value of change in ADC (9, 25, 28, 30, (33) (34) (35) (36) (37) (38) . All studies had a clear description of the reference standard for determining the treatment outcome, and detailed descriptions of the proportion of patients with locoregional failures and locoregional control. Among the total population of 418 patients, locoregional failure occurred in 136 patients (32.5%) and locoregional control was achieved in 282 patients (67.5%) (analysis per-patient).
All studies included pre-treatment MRI including DWI, and ten studies performed MRI at early intra-treatment or posttreatment periods, to evaluate the change in ADC value (9, 25, 28, 30, (33) (34) (35) (36) (37) (38) . The detailed technical characteristics of the MRI acquisitions are listed in Table 2 . All of the DWI images were acquired in the axial plane using spin-echo echo-planar imaging sequences. The number of b-values used for the DWI ranged from one to ten, with majority of the studies using b-values between one and six (9, 24-26, 28, 30, 33-38) . The regions of interest (ROIs) were outlined https://doi.org/10.3348/kjr.2018.0446
kjronline.org by experienced radiologists or oncologists, and were defined on either a single slice of the target lesion (24, 26, 30, (35) (36) (37) , or on every section of all targeted lesions (9, 25, 28, 34, 38, 43) .
Quality Assessment
Overall, the quality of the studies was considered moderate, with 9 of the 12 studies satisfying at least 5 of the 7 QUADAS-2 domains (Fig. 2) . Notable areas of quality concerns included no mention of blinding to the clinical outcomes of patients during ROI placement (24-26, 28, 34, 35, 37, 38) . Regarding the patient selection domain, one study was considered to have a high risk of bias due to a non-consecutive case/control study design (26) . In addition, one study was considered to have an unclear risk of bias as it did not explicitly mention whether patient enrollment was prospective or not (28) . Only one study had a concern for applicability, which was because majority of the included patients were tested positive for human papillomavirus (HPV) (37) . With regard to the reference standard and flow and timing domain, all studies were considered to have a low risk of bias.
Pre-treatment ADC Value for Predicting Locoregional Treatment Response of HNSCC
Eleven studies investigated the value of pre-treatment ADC for predicting locoregional treatment response in patients with HNSCC (9, 24-26, 28, 30, 34-38) . Of these 11 studies, 5 found that pre-treatment ADC values were significantly associated with locoregional treatment response (24-26, 28, 30) ; in all 5 of these studies, pre-treatment ADC values were significantly higher in patients with locoregional failure than in those with locoregional control. A cut-off ADC value ranging from 0.86 to 1.2 was mentioned in 4 studies (25, 26, 28, 30) . In the other 6 studies that did not show a significant difference in ADC between the 2 groups, 2 studies showed lower values of pre-treatment ADC in locoregional control (9, 34) , whereas in 3 studies, the pre-treatment ADC value was higher in the locoregional control (36) (37) (38) . In 1 study, locoregional control showed higher ADC values than locoregional failure in primary tumors, but showed lower ADC values in lymph nodes (35) . The diagnostic accuracy of pre-treatment ADC values for predicting locoregional failure was assessed in 4 studies (25, 26, 28, 30) . Figure 3 is a forest plot of sensitivity and Records excluded (n = 171) Not in field of interest (61) Conference abstracts/paper (77) Review articles (27) Case report (2) Comments/editorial letter (3) Note (1) https://doi.org/10.3348/kjr.2018.0446
kjronline.org kjronline.org specificity for the 4 included studies. The coupled forest plots of the sensitivity and specificity for the pre-treatment ADC did not reveal any apparent threshold effect and the Spearman correlation coefficient between sensitivity and false-positive rate was -0.519 (95% confidence interval [CI], -0.961-0.670). Meta-analytic pooling of the sensitivity and specificity values was not performed due to the apparent heterogeneity in these values that were unexplainable with threshold effect, and infeasibility of robust analysis of the causes of heterogeneity. The total population comprised of 171 patients, with 52 patients (30.4%) having locoregional failure. The sensitivities and specificities of the 4 individual studies ranged from 50% to 100% and from 79% to 96%, respectively (Table 3) .
Change in ADC Value for Predicting Locoregional Failure of HNSCC
Ten studies investigated the value of change in ADC for predicting locoregional treatment response in HNSCC (9, 25, 28, 30, (33) (34) (35) (36) (37) (38) . In all 10 studies, the change in ADC was larger in the patients with locoregional control than in those with locoregional failure, and 5 studies showed a statistically significant difference (9, 28, 30, 33, 34) . The cut-off value for change in ADC was mentioned in 4 kjronline.org studies, and ranged from 15.5% to 25% (9, 25, 33, 34) . The time over which the change in ADC was measured ranged from one to three weeks from the start of CCRT, except for one study where the ADC was measured three weeks after completion of CCRT (33) . The diagnostic accuracy of the change in ADC for predicting locoregional failure was assessed using 4 studies (9, 25, 33, 34) . The coupled forest plots of sensitivity and specificity for the change in ADC did not reveal any apparent threshold effect and the Spearman correlation coefficient between sensitivity and false-positive rate was -0.829 (95% CI, -0.996-0.650). (Fig. 4) . Metaanalytic pooling of the sensitivity and specificity values was not performed for the same reasons as those mentioned above. The total population comprised of 135 patients, with locoregional failure in 43 (31.9%). The sensitivities and specificities of the 4 individual studies ranged from 75% to 100% and from 69% to 95%, respectively (Table 4) .
DISCUSSION
In the current systematic review, we demonstrated that high pre-treatment ADC and a low rise in ADC during the early intra-treatment or post-treatment periods of CCRT were indicators of locoregional failure in patients with HNSCC. Considering the consistency in the results of change in ADC obtained, we propose that it could be a promising approach to predict treatment response after CCRT.
In clinical practice, an accurate prediction of disease progression after treatment could be extremely useful for selecting the appropriate adjuvant treatment and improving the patient's prognosis (9) . Cases of HNSCCs with high stromal content, low cellularity, and micronecrosis are associated with resistance to treatment and poor outcome (44) . These tumor characteristics decrease diffusion of water molecules (45) (46) (47) , and therefore it is kjronline.org hypothesized that high ADC is a predictor of poor outcome. However, the results from using pre-treatment ADC for the prediction of locoregional failure are inconsistent. The treatment response may be attributed to differences in tumor aggressiveness, HPV status, treatment protocol, or the intensity of treatment, and hence, the use of only a single ADC measurement at pre-treatment appears to be inadequate for the prediction of treatment response (9, 35) . As response-adapted therapy becomes more widespread in cancer management, there will be greater interest in performing intra-treatment scanning (44) . Increase in ADC during treatment has been correlated with the histological presence of necrosis, apoptosis, and inflammation (33, 48) , and is thought to be a useful predictor of treatment response. All of the 10 studies that investigated the role of change in ADC at early intra-treatment or post-treatment periods found consistent results (9, 25, 28, 30, (33) (34) (35) (36) (37) (38) . A lower rise in the mean ADC was found at one to three weeks after the start of treatment in patients with locoregional failure, compared to that in patients with locoregional control. This approach may be more appropriate because the change in ADC is more objective and reproducible across centers than absolute ADC values (i.e., pre-treatment ADC) (44) . In many malignant tumors, it is well known that successful treatment is correlated with an increase in ADC values (49) (50) (51) (52) (53) . Additionally, the ability of DWI to predict treatment outcome at one to three weeks after the start of treatment seems to be in agreement with the expected optimal timing of adjuvant neck dissection after CCRT or radiotherapy (54) (55) (56) .
Heterogeneity was not quantified since it is an expected flaw in systematic reviews of diagnostic test accuracy. Instead, the possible sources for heterogeneity were explored. First, among the 12 studies, 3 acquired data from the primary tumors (26, 30, 34) , 4 from lymph nodes (24, 25, 28, 37) , and 5 from both sites (9, 33, 35, 36, 38) . The study by Wong et al. (35) found that mean pretreatment ADC values were higher in locoregional control than in locoregional failure in primary tumors, but found opposite results in lymph nodes. It may be related to the fact that ADC values acquired from the primary sites may be more influenced by physiologic motion and susceptibility artifacts than those acquired from cervical lymph nodes (9) . Second, the included studies used different numbers and distributions of b-values, with majority of the studies using one to six b-values (9, 24, 26, 28, 30, (33) (34) (35) (36) 38) , although 2 studies used nine or ten b-values (25, 37) .
Recent studies show that mean ADCs obtained from high b-value ranges of 300-1000 s/mm 2 are more appropriate for predicting treatment response than mean ADCs obtained from low b-value ranges of 0-300 s/mm 2 (27, 30, 44, 57) .
Finally, the HNSCC showed heterogeneous histopathology with areas of micronecrosis, even though it was not readily distinguishable on imaging. Therefore, the use of the mean ADC of the whole tumor is considered more accurate than the measurement from a single section ROI (9) . The prediction of tumor response with ADC offers several advantages over the use of other imaging modalities like 18 F-FDG PET/CT, contrast-enhanced MRI, magnetic resonance spectroscopy, and dynamic contrast-enhanced MRI. These include: absence of the need for injection of an isotope or contrast agent, short acquisition time, and simple estimation. Despite these advantages of ADC, the clinical use of ADC for the prediction of tumor response in HNSCC presents challenges due to susceptibility and motion artifacts. Furthermore, there is no clear threshold for the differentiation between locoregional failure and locoregional control. Finally, different MRI systems and different b-values have been used in previous studies. This means that the use of ADC cannot be extrapolated across hospital sites. Thus, further clinical studies to standardize and validate ADC measurements are necessary.
This study was limited by the relatively few included studies and its potential heterogeneity. This precluded our ability to perform meta-analysis, analyze subgroups, and identify potentially important covariates. When sufficient papers have been published in the future, a meta-analysis considering the factors that may cause heterogeneity may be performed.
In conclusion, high pre-treatment ADC and a low rise in ADC during the early intra-treatment or post-treatment periods of CCRT could be indicators of locoregional failure in patients with HNSCC. Considering the consistency of the results obtained with change in ADC, we propose that it could be used to identify patients who require more aggressive investigations to identify any residual cancer. However, as the studies are few, heterogeneous, and at high risk for bias, the sensitivity and specificity of these parameters for predicting treatment response are yet to be determined. Continued research on standardization and validation of ADC measurement, and determination of the optimal threshold for percentage change, are required for clinical use.
